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of plant leaf status and would enable multiple georeferenced measurements throughout a fi eld for differential N management.
T he underlying concept of using leaf spectral refl ectance to measure plant stress is based upon the differential refl ectance of light by plants [i.e., plants generally utilize (absorb) visible light in the blue and red wavelengths, and refl ect light in the green and near infrared portions of the light spectrum]. Various technologies have been used to exploit this basic relationship, including color infrared fi lm, digital cameras, multispectral sensors on airplanes and satellites, and hand-held sensors measuring light in narrow wavebands (wavelength intervals). Plant refl ectance measurements through remote sensing have been used to quantify canopy vigor (e.g., Peters et al., 2003; Sudbrink et al., 2003; Wang et al., 2003) as well as nutrient and water availability (e.g., Bausch and Duke, 1996; Osborne et al., 2002) . Since the early 1990s there has been a trend toward using specifi c narrow wavebands to better characterize plant stress from nutrient defi ciency and other sources. One example is the use of narrow wavebands to measure the so-called chlorophyll red-edge, which defi nes the rapid increase in refl ectance just beyond the red spectral region; this refl ectance feature has been shown to be highly correlated to plant nitrogen availability (e.g., Daughtry et al., 2000; Lamb et al., 2002; Zhao et al., 2003) .
The different technologies available provide information at different spatial and spectral (wavelength) scales. Hand-held spectroradiometers provide refl ectance data by wavelength, with wavelength intervals as precise as 1 nm (e.g., FieldSpec Pro; Analytical Spectral Devices, Boulder, Colo.). These instruments are typically used as research tools to develop and test methods for specialized sensors. Some specialized handheld sensors have been developed as a result of refl ectance monitoring research. For example, the Field Scout CM 1000 (Spectrum Technologies, Plainfi eld, Ill.) measures refl ectance in the red and near-infrared regions and estimates plant chlorophyll concentrations. Multispectral imaging systems measure refl ectance in the same regions to estimate the amount of photosynthetic plant matter contained in a given pixel; for measurements over a closed canopy these measurements would be analogous to the handheld measurements. Commercial satellite imagery is now available at a spatial resolution of 10.8 ft 2 (1 m 2 ) per pixel or smaller (Space Imaging, Inc., 2004) . Satellite imagery costs range from nominal distribution costs for public data to over $8.09/acre ($20/ha) for commercial sources with high levels of processing included (e.g., map coordinates). An eventual application of these technologies might be to combine handheldsensors for single plant measurements with synoptic view imagery to provide measures of variability from plant to plant, and across entire fi elds.
In this paper we explore the potential of leaf spectral refl ectance monitoring for two cases of crop characterization. Refl ectance monitoring via handheld sensors is evaluated for assessment of N status in an annual cropping system (potato) and a perennial system (apple). In the next section we will describe the sensors used and the overall approach to measurements. We then present each of the cases separately, describing the experimental methods and discussing results. In the fi nal section, we discuss what has been learned from these cases and the implications for refl ectance sensors in horticulture. Relating these results to fi ndings from previous work, we then examine the use of refl ectance monitoring to address the spatial variability of plant conditions, using an example of ultraviolet (UV) light and water stress response in juice grape (Vitis labrusca).
Sensors used and measurement approaches
The Minolta SPAD 502 (SPAD; Spectrum Technologies) and the CCM 200 (OptiSciences, Tyingsboro, Mass.) use transmittance of light through leaf tissue at two wavelengths to estimate chlorophyll. The sensor is attached to the upper surface of a leaf to make a single, simultaneous measurement of both wavelengths. Measurements are affected by the selection of a given leaf within the canopy and the measurement location on the leaf surface. For our studies, meters were attached between the leaf mid-vine and leaf edge with the upper leaf surface pointing upward.
The Field Scout CM 1000 mea- (Lang et al., 1999) , 35% of the urea was applied as granular material at planting and incorporated with the planting. The remaining 65% was applied as liquid urea in simulated fertigation (Davenport and Bentley, 2001 ) across nine equal rate applications beginning at tuber initiation. All plots were provided phosphorus (P) and potassium (K) at rates consistent with current standards based on soil testing (Lang et al., 1999) . Irrigation and pest control were provided to minimize plant stress.
Weekly, from row closure through 2 weeks preharvest, the fi fth fully expanded leaf from 50 plants per plot was collected between 0800 and 0900 HR. Petiole tissue was analyzed for nitrate nitrogen (NO 3 -N) by water extracting dried ground tissue and analyzing colorimetrically (Mulvaney, 1996) on an EnvironFlow-3000 (O-I Corp, College Station, Texas). In 2002 the leaf blade tissue was also retained and dried ground sample was analyzed for total N using dry combustion (Bremner, 1996) on a LECO C-N-S analyzer (St. Joseph, Mich.). Concurrent with tissue collection, the CM 1000 was used to measure leaf spectral refl ectance on the fi fth fully expanded leaf of three plants per plot (Lang et al., 1999) .
In 2002, a companion test was conducted on the same site to evaluate the effect of using different leaf positions on leaf spectral refl ectance readings (leaf position test). In the uniformly fertilized (300 lb/acre N) border rows at the Paterson site, leaf spectral refl ectance was measured with the CM 1000 on individual leaves from the smallest fully expanded leaf position to the 10th leaf position (Lang et al., 1999) on six plants (leaves 1-10, respectively). This was done at two different times during the growing season, mid and late season [85 and 100 d after planting (DAP), respectively]. Tissue sampling and analysis was conducted as previously described.
Another test was also conducted in 2002 near Prosser, Wash. (lat. 46°15´ N, long. 119°45´W) to evaluate time of day of sampling (time of day test). 'Russet Burbank' was planted on a Warden very fi ne sandy loam (coarsesilty, mixed, superactive, mesic Xeric Haplocambid), where management practices were uniform fertilizer, irrigation, and pest control practices. Both early and mid-season (64 and 96 DAP, respectively), leaf spectral refl ectance was measured on three leaves (fi fth fully expanded position; Lang et al., 1999) of 18 randomly selected plants hourly, from 0900 to 1800 HR with the CM 1000. Leaf blade and petiole tissues were collected and analyzed as previously described.
Leaf refl ectance data were evaluated relative to N rate and to tissue N concentration. Data were analyzed using a combination of analysis of variance and regression analysis with PC SAS PROC GLM and PROC REG (SAS Institute, Cary, N.C.).
Results
Leaf refl ectance, measured with CM 1000, was signifi cantly different at the P = 0.0001 level by year, sampling time, N rate, plus the interactive factors N rate by sampling time and N Rate by sampling time by year. Refl ectance values decreased as sampling time (measured as DAP) increased (Fig. 1) .
Across both years, leaf refl ectance was related to petiole NO 3 -N (P = 0.0012); however, the r 2 value was <0.02 indicating the relationship was not linear. Since leaf refl ectance varied signifi cantly with year and sampling time, leaf refl ectance was regressed against petiole NO 3 -N by sampling time measured as DAP. There were signifi cant relationships between leaf refl ectance and petiole NO 3 -N at 59, 71, 106, 112, and 120 DAP. However, linear relationships were only found early in the growing season at 59 and 71 DAP, with r 2 values of 0.28 and 0.65, respectively.
For the two tests to evaluate potential factors that may infl uence readings, the position test and time of day test, refl ectance was signifi cantly different by the sampling date in each test (P = 0.0001 for both tests). Refl ectance was not signifi cantly different for leaf position or leaf position by sampling date interaction (P = 0.2364, 0.3758, respectively; Fig. 2 ). However, leaf spectral refl ectance was signifi cantly different for time of day (P = 0.0001, Fig. 3 ) but not the interactive factor between time of day and sampling date (P = 0.9046). Using the combined data from the three tests conducted at two sites in 2002 a signifi cant but weak linear relationship between leaf spectral refl ectance and leaf blade N content was found (Fig. 4) . The weakness of the correlation may be due to sampling time (Fig. 1 
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Satellite imagery from the Quickbird sensor (DigitalGlobe, Inc., 2004) was acquired on a monthly basis from Apr. to Oct. 2003. The imagery was geometrically corrected to the same map coordinate system used for the ground sampling, and the pixel radiance values were converted to refl ectance using measured refl ectance targets. Once this was completed, any of several indices could be computed from the different spectral wavelengths. We chose to compute the NDVI since the wavelengths used for this index (Rouse et al., 1973) The NDVI values for individual pixels were grouped according to the N treatment that they corresponded to, and then averaged. The averaged values were standardized by dividing the values for the 1/2x, 1x, and 2x N rate plots by the NDVI value for the 0% N plot for the same imagery.
Results
All three HLM tested for assessing apple leaf N status gave signifi cantly different leaf meter readings according to N rate (Table 1) . The CM 1000 showed more pronounced changes in meter reading values relative to N rate than the CCM 200 or the SPAD. There was a signifi cant interaction between the effects of N rate and TOS only for readings from the CM 1000. Leaf meter readings differed between years for the CCM 200 and the CM 1000 but not the SPAD meter. Only the CM 1000 had a signifi cant relationship between N rate and TOS.
Leaf meter reading values were signifi cantly related to leaf tissue N for all three meters. However, the r 2 values for the SPAD and CCM 200 were very low. The interactive factor TOS and tissue N level was signifi cantly different for all three meters (P = 0.0003, 0.0031, 0.0095, respectively for CCM 200, SPAD, and CM 1000). Although SPAD and CCM 200 leaf meter readings were signifi cantly different for all times of season, the r 2 values were very low (<0.123).
Data from georeferenced aerial monitoring were used to calculate several different indices. The leaf refl ectance spectra used by the CM 1000 are the same wavelengths used to calculate the normalized difference vegetation index (NDVI). Throughout the season, NDVI for plots with different N rates showed a similar pattern to the leaf meter readings obtained with the CM 1000. The effect of N rate was greater earlier in the season than later in the season (Fig. 5) .
Discussion
Results from both the potato and apple experiments indicate that hand-held leaf refl ectance meters have potential to assess plant nitrogen status. Preliminary work in wine grape (Vitis vinifera) further confi rms this with measurements made in the fi rst growing season showing signifi cant correlations with N fertilizer rates (data not given).
Comparisons among the handheld leaf meters suggest that each meter can measure plant N status. There was a decline in meter reading values during the season with the CM 1000 that was not found with the other meters despite the fact that leaf tissue N declined during the growing season. Both the SPAD and CCM 200 measure leaf greenness using light transmission whereas the CM 1000 actually measures leaf spectral refl ectance. A study evaluating the SPAD meters relative to leaf N and chlorophyll status has found stronger correlation between meter readings and leaf chlorophyll than leaf N (Loh et al., 2002) . Research in wheat (Triticum aestivum) showed promise for developing a relationship between SPAD meter readings and fl ag leaf N concentration (Follett et al., 1992 ), yet later work found year to year and site to site variability was large enough that on-site N rate reference plots were required for calibration (Westcott et al., 1997) . The lack of signifi cant relationships between leaf meter readings and the interactive factor N rate and TOS for the SPAD and CCM 200 suggest that the leaf meter readings are more responsive across the season to a factor other than N (e.g., chlorophyll concentration), since leaf tissue data shows that N concentration does decrease with TOS. This is further supported by the decline in canopy NDVI response to N with TOS in aerial imagery. In both crops, CM 1000 leaf refl ectance values showed changes with time of season and, by the last measurements, were not very effective as an indication of the relative leaf N concentration. It is likely that this refl ects the redistribution of N later in the season from leaves to other organs (e.g., tubers in potato, roots and wood in apple), reducing differences in leaf tissue concentrations as a factor of the rate of N application/availability during the growing season.
One of the potential advantages of a hand-held refl ectance meter is that it can be used in different locations within a given fi eld to direct differential fertilizer application needs. Although we have not conducted this type of work directly with potato or apple, leaf refl ectance analysis has been used in juice grape to monitor the development of water and UV light stress response across entire fi elds . This approach is an ideal model for collecting leaf refl ectance measurements with hand-held meters and GPS technology to enable the development of both spatial and temporal maps of N need in fi elds.
Conclusions
Progress has been made in nondestructive measurement of plant N status. However, other stresses can infl uence the effectiveness of this technology. For example, water stress can cause a shift in leaf refl ectance wavelengths that could reduce the effectiveness of the technique (Davenport et al., 2000) . In addition, these measurements need to be taken with full sunlight and are somewhat sensitive to the time of day the measurement is made (Fig. 3) . It is relatively easy to remember to take measurements at a specifi c time of day across one growing season but may be more challenging to do so from year to year. Cloudless, sunny days are frequent in the area this research was conducted in but the lack of such climatic conditions may be limiting in some locations.
Leaf spectral refl ectance may not be suitable for measurement of nutrient stresses other than N. Stresses, such as iron defi ciency, that lead to leaf chlorosis may have potential for early detection with leaf greenness meters like the SPAD or CCM 200 but such measurement would not likely be nutrient specifi c. Overall, this work suggests that specifi c wavelength leaf spectral refl ectance meters could be developed for plant N status but guidelines for use would be specifi c for crop and time of season.
